Abstract In this work, we study the effect of periodicity and PEO side-chain length in four PMAA-PEO (sodium salt) comb polymers with known molecular architecture on Al 2 O 3 colloidal dispersions in DI water. We introduce here charge composition factors (CCF) representing charge density of the comb polymers defined as (number of charged units in a repeating unit)/(molecular weight of a repeating unit). We find, for the first time to our knowledge, that the CCF can be used along with dispersant dosage to obtain explicit functions predicting the conductivity of the dispersants in solution, the zeta potential behavior during dispersant titrations, and the isoelectric point (IEP) of the dispersions. In addition, the dosage normalized by the CCF provides a basis for comparison for the dispersants to elucidate the trends found in adsorption and potentiometric titrations. Thus, the CCF can be used as a tool for the design of improved and new comb polymer molecular architectures.
Introduction
Many applications in colloid science in general and ceramic shaping technology in particular rely on colloid stability using state of the art dispersants [1] [2] [3] [4] . Comb polymers, especially comb polyelectrolytes, are receiving increased attention as super-plasticizers in the cement industry [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , surface modifying agents for colloids such as Si 3 N 4 [17] , WC-Co [18] , MgO [18, 19] , BaTiO 3 [20] , Al 2 O 3 [21] [22] [23] [24] [25] , ZnO [22] , TiO 2 and Fe 2 O 3 [23] , CaCO 3 [26] , electrosteric dispersants in advanced ceramic shaping processes [2, 3, 23] , and emerging class of steric dispersants for composite electroless Ni-P/ceramic coatings containing Al 2 O 3 , TiO 2 , CeO 2 nanoparticles [4, 24] .
The influence of comb polymer molecular architecture on the properties and processing of cements was studied extensively [7] [8] [9] [10] [11] [12] [13] [14] [15] . Insight into the dependence of adsorption, zeta potential, rheology, hydration, microstructure, and mechanical strength on the molecular architecture was obtained with synthesized dispersants having systematically varying frequency of charged groups on their backbone and/or sidechains of varying length [7] [8] [9] [10] [11] [12] [13] [14] [15] .
In comparison, relatively few studies connecting the molecular architectures of comb polymers as dispersants for colloidal ceramic particles exist [17-22, 25, 26] . Of the properties which are more systematically studied are dispersant adsorption, zeta potential, and rheology, where the main variation is the length of comb polymer side-chain. Other studies often use commercial comb polymers where exact knowledge of molecular architecture is not known [3, 4, 23, 24] .
Explicit relations regarding the conformation of comb polymers adsorbed on surfaces could be developed based on the side-chain length and frequency of repeated units (the parameters p, m, and n as defined in Fig. 1 ) [27, 28] . Such parameters could be related inexplicitly to the hydrodynamic radius and conformation of the comb polymers in solution using factors based on charge and molecular weight [20] .
In particular, systematic investigations relating the molecular architecture of both side-chain length and its frequency on the backbone to the behavior of dispersions via explicit relationships can be of a great value for the understanding of dispersion phenomena and the design of advanced dispersants.
In our present work, we systematically compare four comb polymers with known molecular architectures as dispersants for colloidal Al 2 O 3 particles. These PMAA-PEO comb polymers have different side-chain length and frequency. In addition, we demonstrate the usefulness of a factor derived from the molecular architecture of the comb polymer in normalizing and predicting explicitly the dispersant conductivity in solution; the initial rate of zeta potential change, the minimum zeta potential, and corresponding dispersant weight during dispersant titrations as well as the isoelectric point (IEP) of the dispersions as a function of dispersant concentration.
Experimental

Materials
The Al 2 O 3 powder studied was TM-DAR, α-Al 2 O 3 obtained from Taimei Chemicals Co., LTD, Japan. This powder has a mean particle size of 120 nm according to measurements of particle size distribution by LS230 (Beckman Coulter, USA) [22] , a density of 3.98 g/cm 3 , and a specific surface area of 12.5 m 2 /g, measured by BET method with SA3100 (Beckman Coulter, USA) [22] .
Four experimental dispersants obtained from BASF, Germany were investigated as electrosteric dispersants for Al 2 O 3 dispersions. Figure 1 shows the statistical chemical structure of the comb polyelectrolytes. The synthesis of these dispersants is presented elsewhere [7] . All these anionic comb-shaped polyelectrolytes consist of a poly(methacrylic acid) (PMAA) sodium salt backbone which can adsorb on positively charged particles and poly(ethylene oxide) (PEO) side-chains, which can extend into the aqueous medium providing steric hindrance [6] . Table 1 outlines the composition (p, n, m defined in Fig. 1 ) and molecular weights of the four dispersants used in this study. Dispersants B174 and B176 have relatively short side-chains consisting of 23 repeating ethylene oxide (EO) units and B178 and B179 have long sidechains consisting of 102 repeating EO units. Dispersants B174 and B178 have a relatively low frequency of charged groups in a repeating unit (two out of three groups) while dispersants B176 and B179 have a relatively high frequency of charged groups in a repeating unit (six out of seven groups).
Preparation of dispersions and dispersant solutions
Ten weight percent of TM-DAR powder were dispersed in deionized (DI) water and de-agglomerated with 0.5 mm zirconia balls (Tosho, Japan) for 4 h on a rolling mill. Particle size distribution of de-agglomerated dispersions was monitored with a laser scattering instrument, LS 230 (Beckman Coulter, USA) until the particle size distribution showed no agglomeration [22] . The electrostatically stable dispersions were separated from the zirconia balls by sieving and diluted from 10 down to 4 wt%.
The dispersant solutions in DI water were prepared at 6 wt% at pH of 4.5±0.2, adjusted with a 1 M HCl solution. This acidification procedure is performed in order to maintain similar and favorable conditions for dispersant adsorption on the particles [24] .
Zeta potential and conductivity measurements in solution ZetaProbe Analyzer (Colloidal Dynamics Inc, USA) was used for simultaneous measurement of conductivity, pH, and zeta potential. The dispersant solutions were added in a logarithmic progression series into 150 ml vessels containing 4 wt% Al 2 O 3 dispersions where the measurements were carried out, with 30 s equilibrium time [24] . Following the titrations, the dispersions were ultrasonicated and remained stable during subsequent measurements [24] . Measurements of dispersant with different amounts of dispersant over a period of 12 h. The powders were centrifuged at 10,000 rpm, decanted, and the deposit was dried in an oven at 80°C overnight. The TGA heating profile consisted of a 5°C/min ramp and a 30 min soak at 100°C to remove weakly adsorbed water followed by a 5°C/min ramp to 700°C, ensuring the organic part of the dispersant is totally removed. Results were normalized to the weight of samples after the soak at 100°C. The weight loss is calculated from the interval 100-700°C. This weight loss corresponds to the maximum weight loss in this system since the comb polymer interacts via its carboxylic groups with the hydroxyl groups on the powder surface in solution and during the soak at 100°C, which leads to a reduced weight loss between 100 and 700°C [4, 24] . The weight loss of the Al 2 O 3 powder without dispersant in the 100-700°C temperature range averaged 0.74 %. This value is subtracted from the weight loss of dispersant to obtain a value for the minimum adsorbed dispersant [4, 24] as it corresponds to a total removal of the hydroxyl groups. However, the interaction of the comb polymers with the particle's surface is expected to be dependent on the dispersant coverage, hence dosage (in wt% ppw) as well as charge density. 
where CCFN is a comb polymer dependent charge/ composition factor which is developed and discussed in the next Section and CHU=dosage (wt% ppw)·CCFN. At higher dispersant dosage (>2-3 %), the correction converges rapidly to the minimum weight loss values. At lower dispersant dosage, the correction leads to realistic values which are higher than the minimum values but never exceeding 100 % (or the maximum weight loss if <100 %). In addition, the corrected weight loss above, which accounts for the organic part of the dispersant, is corrected for the inorganic part by taking in account the known sodium content of the comb polymers which appears in Table 2 [4, 22, 24] . The corrected values are used for the determination of the adsorbed dispersant weight per unit area in mg/m 2 calculated by dividing by the surface area of the powder.
Results and discussion
Normalization charge/composition factors of a repeating unit (CCF and CCFN) Figure 1 and Table 1 show the architecture and exact (yet statistical) composition of the comb polymers studied in this work. Due to the known molecular architecture, it is possible to calculate for each comb polymer a simple charge/ composition factor (CCF)≡(number of charged groups in Number in brackets indicate composition without Na counter ion one repeating unit)/(molecular weight of one repeating unit) based solely on the chemical formula of the dispersant. The usefulness of such charge density factors will become apparent in the next sections. Somewhat similar approach to develop charge/composition factors was developed in reference [20] , where the charge units (acid groups) were determined by titrations. However, their study which was conducted with comb polymers having side-chain lengths in the 475-2,000 g/ mol range resulted in factors in the range 2.4-4.4, a range which was concluded by the authors to be too small to have significant effects on the conformation of comb polymers in solution or other properties [20] . The CCF values for the four dispersants in the present study are shown in Table 2 as well as the dimensionless CCF values CCFN i =CCF i /CCF 179 which are the CCF values in (charge units·mol)/g normalized to the CCF value of B179 and therefore more convenient for use. Note that two values of CCF are given in Table 2 , those excluding and those including the counter ion Na. Values excluding Na appear in brackets. The CCFN factors including Na are used in this paper. The use of Na free values introduces only small deviations. A practical consideration for using the CCF values including Na is that it is directly related to the dosage of dispersant.
As can be seen in Table 2 , the CCF and CCFN values are dependent on both charge frequency and molecular weight in one repeating unit of the comb polymer. In other words, the CCFN is a measure of the relative charge density per unit weight of the polymers. In this work, the CCFN factors span about an order of magnitude from 0.363 for the low charge/ long chain (B178) to 2.975 for the high charge/short chain comb polymer (B176).
Conductivity of the dispersants in DI water
The conductivity of the comb polymers in DI water is shown in Fig. 2a as a function of their concentration in solution. The conductivity shows a linear dependence on comb polymer concentration in all cases (R 2 >0.999) with linear regression coefficients between 23-366 (μS cm 2 )/g, more than an order of magnitude. A gradual decrease in conductivity is observed with decrease in charge density from the high charge/short chain to the low charge/long chain polymers. Figure 2b shows the conductivity of the polymers as a function of their concentration linearly normalized by the CCFN values computed in Table 2 .
Except B178, all three polymers fall essentially on the same curve, with linear regression coefficients of 129.5 ± 5 (μS cm 2 )/g indicating a certain universality of the CCFN values for the conductivity in solution. The low charge/long chain B178 shows a linear regression coefficient of only 64, roughly half than that of the other dispersants, suggesting the conductivity in this case is also significantly dependent on conformation effects of this low charge/long chain comb polymer [20] . Nevertheless, also for B178 the values after normalization are significantly closer. As suggested by one of the reviewers, the conductivity of the dispersant solutions can be also used (after calibration) to assess the concentration of the dispersants in solutions. For example, conductivity measurements of the supernatant solutions can be used for determination of adsorption data.
Zeta potential and dispersant adsorption during dispersant titrations Figure 3a shows the evolution of zeta potential and pH of the Al 2 O 3 dispersions during titration with the four dispersants. The zeta potential of the dispersions without dispersants of about +118 mV at a pH value of 4.2-4.4 is decreased with the addition of the anionic comb polymer dispersants. The initial rate of decrease in zeta potential is relative to the charge density of the dispersants or the trend of conductivity in solution shown previously in Fig. 2 .
The corresponding pH change shown in Fig. 3b shows an increase to a maximum value which occurs just after the end of the steep change in the zeta-potential curve. At a pH value of 4.97-5.00, a maximum in the pH curve is observed for all dispersants. Such behavior has been seen in commercial comb Table 2 polymer systems and can be interpreted on the basis of ligand exchange or charge regulation mechanisms [24, 29, 30] . Figure 3c shows the zeta potential values shown in Fig. 3a where a normalized dosage, CHU≡dosage (wt% ppw)·CCFN is plotted on the abscissa. The CHU represents normalized charge units (charge units/molecular weight) RU ·dosage= charge units number of units=count of charge units (here, normalized relative to B179). As in the case of the ionic conductivity, the use of CCFN normalization leads to significant overlap of the zeta potential and pH curves in Figs. 3c, d , respectively. B178 shows also here somewhat larger deviations than the other three dispersants, but much better similarity after normalization is obtained. Despite the apparent overlap of the curves in Figs. 3c, d , the zeta potential and pH curves show several features which cannot be normalized by the linear transformation using the CCFN values. Nevertheless, we find that the CCFN can be correlated directly with features extracted from Fig. 3a , b. Figure 4a shows curve fitting of the zeta potential data of the comb polymers during dispersant titration from Fig. 3 . Here, only positive zeta potential values are presented. All comb polymers exhibit an exponential decay with dispersant dosage. Table 3 shows the summary of the curve fitting parameters for the exponential functions which are shown as the dashed black lines in Fig. 4a . (Fig. 2) , B178 is singled out.
While the three comb polymers B176, B174, and B179 show excellent agreement to a single exponential function, B178 shows a limited range of correlation and requires two exponential functions to describe the zeta potential in the dosage range of 0-12 wt% ppw. Both functions are summarized in Table 3 and appear as the dotted black lines in Fig. 4a .
The solid lines in Fig. 4a plots Eq. (2)=F (dosage, CCFN) where M is set to 118 mVand N=1.15·CCFN. The fit of Eq. (2) for B176, B174, and B179 to the experimental zeta potential values as well and the original exponential fits (dashed lines) is excellent. The fit for B178 is relatively good and appears as a good compromise, considering that 1.15·0.363=0.417 for this dispersant falls between the exponents of 0.57 and 1.66 found in Table 3 for the short range and long range results, respectively. The significance of the results above is twofold: (1) they indicate that the dependence of zeta potential of colloids on dispersant dosage can be expressed by exponential functions and (2) the exponents are directly related to the CCF factors in the case of comb polymers. Note that the apparent similarity between the absolute values of the CCFN and the exponents in Table 3 are coincidental, since the normalization of the CCFN using CCF 179 was chosen at random.
In addition, we find that the dosage associated with the minimum in zeta potential (ζ min ) and the maximum in the pH (pH max ) seen in the curves of Figs. 3a, b , respectively, show clear dependency on CCFN (Fig. 4b) . These, which are related to similar charge neutralization processes, show a very similar power law dependency on CCFN, namely dosage (pH max ) α CCFN −1.32 and dosage (ζ min ) α CCFN −1.23
. It is interesting to note that pH max always precede ζ min . In fact, the dosage (pH max ) appears to correspond to the dosage value just after the steepest change in zeta potential seen in Fig. 3a . ζ min , the minimum Zeta potential itself is also found to be dependent on the CCFN (Fig. 4c) and shows a linear regression coefficient of −8.55 mV indicating significant dependence on CCFN and allows direct determination of the minimum zeta potential for this system based on the CCF values alone. Ran et al. which have compared dispersant titrations of comb polymers of similar frequency but different side-chain lengths have observed a similar trend in zeta potential [26] . The dependence of ζ in general and ζ min in particular is related to both increased surface charge neutralization effects of high CCFN dispersants and a shift in the plane of zeta potential due to adsorbed layer thickness which is related to the length of the side-chains. Both effects are discussed latter in the manuscript in conjunction with dispersant adsorption and potentiometric titrations.
The explicit relationships in Fig. 4 can be used for almost full reconstruction of Fig. 3a and thus can serve as design tools for new dispersants based on functions of CCFN alone. Figure 5a shows the adsorbed dispersant weight per surface area of the Al 2 O 3 powder in mg/m 2 and the adsorption efficiency η defined as (weight adsorbed)/(dosage) as a function of dispersant dosage. As expected, the adsorption efficiency B179 does show in Fig. 5a slightly higher values than the other dispersants probably due to the fact that it has both high charge and long chains. Our results differ somewhat from other works which have studied adsorption of different comb polymers (e.g., with different chain lengths) [25, 26] . This is likely due to the fact that we focused our work on the CHU values, and not all dispersants have reached the plateau of adsorption. Nonetheless, Fig. 5b shows the efficiency and adsorbed dispersant as a function of CFU, where the adsorbed dispersant is expressed by normalized charge units CHU* (defined slightly different for this case as the adsorbed dispersant mg/m 2 ·CCFN). In this representation, a clear trend is established, where the higher CCFN comb polymers exhibit higher efficiencies and higher charge adsorption values. This result is consistent with the trends seen in the zeta potential results in Fig. 3 and more clearly in Fig. 4 , where the rate of change in zeta potential (Fig. 4a) and its absolute magnitude of the minimum values (Fig. 4c) are increased with the CCFN.
Zeta potential during potentiometric titrations
Potentiometric titrations were conducted with dispersions containing different dispersant concentrations. The results are presented as a function of CHU which normalizes charge effects. Before comparing the different dispersants, it is worthwhile to observe the general trend for one dispersant. Figure 6 shows an example of a set of potentiometric titrations of dispersions containing B174 dispersant with CHU values ranging from 0-7 CHU. Figure 6 indicates an overall decrease in zeta potential magnitude with the CHU and a gradual shift of the isoelectric point to the acidic range, as can be expected from the increase in dispersant and charge adsorption seen in Fig. 5a , b, respectively. Figure 7 presents the potentiometric titrations of all comb polyelectrolytes at four different CHU values. The decrease in zeta potential and the shift of the isoelectric point for all dispersants with the CHU are apparent. In addition, this representation which largely normalizes charge effects highlights the chain-length effects of the comb polymers. Here, the long chain B179 and B178 pair are clearly distinguished from the short chain pair in all the pH range studied, especially from CHU values >1. B174 and B176 do show deviations from each other, especially apparent at pH>IEP, but at the same time are well distinguished from the long chain pair. In other words, no continuous trend is observed based on charge consideration, as would be expected from Fig. 5b . In particular, B179 and B174 which showed in the previous sections very similar zeta potential (Figs. 3 and 4) and adsorbed charge values (Fig. 5b) are clearly very different in their zeta potential response to pH at fixed CHU. The reason for the pairing of the dispersants according to their side-chain length observed in Fig. 7 is likely to be a shift in the shear plane due to an adsorbed dispersant thickness observed for non-ionic polymers [31] , an effect which may be highlighted in potentiometric titration due to increased ionic strength leading to compression of the double layer. This effect is equally important for comb polymers having non-ionic side-chains [26, 32] . A simplified illustration of this effect can be understood by superposition of the electrical double layer with a zeta potential plane located at a distance d from the surface of the particle and an adsorbed comb polymer dispersant having an effective side-chain length l. If l<d, no shift of the zeta potential plane occurs and the measured zeta potential is not affected. However, if l>d, the side-chains extend beyond the original location of the zeta potential plane. Since the side-chains are anchored to the particle surface and move with the particle, the location of their tips now determines the shear plane. This new plane which is farther away from the particle surface compared to the original plane causes a shift of the zeta potential to lower values. According to the results shown in Fig. 7 , it appears that this effect strongly influences the long side-chain comb polymers B178 and B179 having a sidechain composed of 102 EO units and the short side-chain B176 and B174 having 23 EO units (Table 1) to a much lesser degree. We use interpolation of the results provided by Roosjen et al. [33] which provide a realistic approximation of brush lengths for PEO brushes with up to 222 EO units and obtain the values of about 14.6 and 4.4 nm for the long chain (102 EO units) and short chain (23 EO units) dispersants, respectively. For reference, the conductivity values during potentiometric titrations were between 0.5-1.2 mS/cm indicating Debye length 1/κ<5 nm in agreement with the behavior of the long chain dispersants seen in Fig. 7 .
As discussed in the previous Section, Ran et al., who compared the zeta potential of comb polymers with 4-45 EO units, have observed a systematic decrease of the zeta potential during dispersant titrations with the increase in sidechain length [26] , in agreement with our results in Figs. 3 and 4c. They have interpreted the results based entirely on a continuous shift of the shear plane. However, as stated above, such shift is not likely to be observed for comb polymers having short side-chains with l<d, especially at low ionic strength. Our results in Fig. 3 and 4 indicate that contributions of both charge and side-chain length play a role in determining both CCFN values and zeta potential during dispersant titrations.
One point which is difficult to detect in Fig. 7 , especially for the long chain comb polymers, are the values for the isoelectric point (IEP). Figure 8a shows a summary of the IEP of the dispersions as a function of dispersant dosage (square symbols). Plotted in this way, it is apparent that the higher the CCFN of the dispersants the larger the rate of decrease in IEP per wt% ppw of dispersant. The IEP, at a first approximation, is independent on the shift of shear plane seen in Fig. 7 . Therefore, the IEP appears as a very sensitive tool for the effect of the CCFN, in very good agreement with the trend seen in Fig. 4c especially (in a "mirror symmetry") to the CHU* adsorption values found in Fig. 5b . All curves can be fitted with a power law function. The summary of the results are given in Table 4 . In addition, the constant A and the power law exponent B can be directly expressed as functions of CCFN as postulated in Eq (3). The fit of these functions to the values obtained in Table 4 is seen in Fig. 8b . We find A= −0.9924·CCFN+8.1225 and B=0.0819·ln (CCFN)+0.1596 with excellent agreement (R 2 >0.99). Eq. (3), now expressed with the equations above as: IEP=F (dosage, CCFN) is plotted in Fig. 8a for all comb polymers using the solid lines as well as round symbols. The excellent agreement to the experimental points is evident. Also here, as in the case of the zeta potential in Fig. 4 , the results indicate that (1) the IEP of colloids as a function of dispersant dosage can be expressed by power law functions and (2) the power law exponents are directly related to the CCF factors in the case of comb polymers. Figure 8c which re-plots the data in Fig. 8a as a function of CHU reveals an intersection point at CHU=1, where all dispersants lead to a similar isoelectric point (7.09-7.31). At CHU>1, the trend is similar to that seen in Fig. 8a where higher CCFN dispersants lead to lower IEP for a given CHU. At CHU<1, no clear trend can be observed but the values appear to diverge. This phenomenon point is not completely clear as it relies on only one experimental point and requires more elucidation. Nevertheless, the existence of the intersection point at CHU=1 may relate to the trend observed in Fig. 7 (1 CHU) where the pairs of similar chain lengths show very similar same zeta potentials at all pH values measured.
Conclusions
In this work, we studied the effect of comb polymer molecular architectures on the properties of Al 2 O 3 colloidal dispersions. Four PMAA-PEO (sodium salt) comb polymers with varying charge frequency and chain length were tested. A central theme in this manuscript is the development of a simple charge/composition factor (CCF) calculated based only on the known molecular architecture of the comb polymers. The normalized factors (CCFN) calculated for the comb polymers studied span about an order of magnitude and range from 2.975 for the short chain/high charge comb polymer to 0.363 for the long chain/low charge comb polymer. The CCFN are used for the first time in explicit functions to correlate and explain the data as well as normalization factors to obtain a quantity representing charge units (CHU) defined as CHU≡dosage·CCFN.
We demonstrate here for the first time that the conductivity of the dispersants scales directly with the CHU. The zeta potential during dispersant titration and the isoelectric point (IEP) of the dispersions as a function of dispersant dosage can be fitted precisely by exponential and power law functions, respectively, where the coefficients are functions of CCFN as a single variable. Representation of the adsorption in charge units by CCFN normalization (mg/m 2 ·CCFN) and plotting it and the adsorption efficiency as a function of CHU show clear trends of increased efficiency and charge adsorbed with the CCFN, consistent with the behavior found in the IEP results and zeta potential during dispersant titration.
Our results provide a clear and quantitative link between dispersant molecular architecture and zeta potential, IEP of dispersions as well as dispersant conductivity in solutions and thus provide a unique tool for the design of new and improved dispersants.
In addition, we observe a linear decrease of the minimum zeta potential with the CCF which is dependent on both chain length and charge frequency. Potentiometric titrations as a function of CHU indicate that the shift of the shear plane is only significant for the long side-chain comb polymers (consisting of 102 EO units).
